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In this study, optical and thermophysical properties of Gafchromic HD-V2 films are investigated.
Gafchromic HD-V2 films have been irradiated with electron and photon sources indifferent doses
(0–8 Gy). The optical properties of the irradiated films have been examined using an optical scanner
and UV–vis spectrophotometer. The thermophysical properties were studied using a photoacoustic spec-
trophotometer. It is found that the optical density has increased linearly as the dose increases up to 8 Gy.
The thermal diffusivity shows similar behavior as the dose increases. An enhancement of 35% is achieved
as the dose increases from 0 to 8 Gy from 12 MeV electron beam source.
 2016 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Gafchromic dye films have a rich operative role in measuring
ionizing radiation doses, and they possess unique properties for
many qualitative and quantitative dosimetric applications [1–3].
Some of these properties are high spatial resolution, near tissue
equivalent composition [2], wide dose range, equivalent response
to photons and electrons, dose rate independence, and insensitivity
to ambient light [4]. The active layer inside the film turns color
upon irradiation and requires no subsequent processing to
develop. Measuring the optical density reveals howmuch radiation
dose has been absorbed. The linear relationship between the mea-
sured optical density and delivered absorbed dose makes the opti-
cal density a preferred measurement quantity. These films can be
used directly for dosimetric measurements as in the case of radia-
tion protection, dose distribution mapping, food irradiation and
quality assurance testing of clinical radiotherapy treatment [5]. A
previous attempt has been made to study the dependence of the
thermal parameters of irradiated EBT2 films on the radiation
dosage [1]. The study proved that the photoacoustic (PA) technique
is capable of measuring the thermophysical properties of EBT2 film
exposed to different X-ray doses. The active layer of the EBT2 film
is sandwiched between two polyester layers. In order for the PAsignal to reach the active layer, it needs to go through 50 lm of
polyester layer. This requires more time to reach the characteristic
frequency.
Recently, HD-V2 Gafchromic films have been synthesized for
quantitative measurement of absorbed dose of high-energy pho-
tons. The HD-V2 model Gafchromic films are introduced recently
as a substitution of the HD-810 film model. The structure of Gaf-
chromic HD-V2 is comprised of only 8 lm active layer coated with
a clear 97 lm polyester substrate. These formal changes have an
effect on the optical and thermal properties of the active layer.
The PA spectroscopy is an unconventional technique used in the
current study to investigate the thermal properties of the irradi-
ated Gafchromic films in a noncontact and nondestructive manner
[6–8]. The physical thickness of the active layer of HD-V2 film is
considered an advantage of measuring the thermal properties. This
is because the frequency at which the sample goes from the ther-
mally thick region to the thermally thin region is less than that
observed with EBT2 films, which shortens the time of
measurements.
In this study, the thermal properties of Gafchromic HD-V2 films
irradiated with electron and photon sources for different doses
have been investigated. The effect of the irradiated dose and the
energy of the electrons and photons sources on the optical and
thermophysical properties are investigated.
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Gafchromic HD-V2 dosimetry film
The newly released Gafchromic HD-V2 film consists of an active
layer of 8 lm thick with mass density of 1.2 g.cm3. This film has
no protective or surface layer, as illustrated in Fig. 1. The active
layer is coated with a clear 97 lm polyester substrate [9]. This type
of Gafchromic film exhibits good dosimetric features including
high spatial resolution, wide dose range (10–1000 Gy), good repro-
ducibility, energy-independent response, and dose rate indepen-
dence. Moreover, the HD-V2 can be used for dose mapping of
various sources and a wide range of charged-particle energies
down to 5 keV or lower [9].Measurements tools
The formed optical density of the exposed Gafchromic HD-V2
films is read out using Epson Expression 10000 XL scanner. The
optical properties are measured using UV–vis spectrophotometer
(JASCO V-670) in the wavelength range from 300 nm to 800 nm.
The PA technique is used to study the thermal diffusivity in a non-
contact and nondestructive manner. An argon ion laser (Melles-
Griot, Carlsbad, CA 92009) of 200 mW (514 nm) is mechanically
modulated by an optical chopper (SR540), and focused onto the
sample which is mounted carefully inside a PA cell (MTEC Model
300). The generated sound wave can be subsequently detected as
an acoustic signal by a highly sensitive electrical microphone fixed
in the PA cell. The PA signal is then amplified by a low noise pream-
plifier and further processed using a lock-in amplifier (Stanford
Research System, Model SR830 DSP). All the measurements were
carried out at room temperature. In the PA technique, when
chopped light impinges on a sample in an enclosed cell, an acoustic
signal is produced within the cell [10]. The thermal diffusivity is an
important physical quantity that measures the rate of heat diffused
in a sample.Films preparation and irradiation
The Gafchromic HD-V2 films were prepared and irradiated as
discussed in our previous work [1,11]. Briefly, five sets from one
batch of Gafchromic sheet (HD-V2) was cut in 2 cm  2 cm. Each
was checked visually for any scratches or smudges. The films were
kept in an opaque, light-tight envelope. During exposure, the film
pieces were placed in a solid water phantom at a maximum dose
of 1.5 cm. Both films were read after 24 h using the Epson
Expression 10000 XL scanner. This delay time was necessary to
allow the irradiated films to stabilize [10].
These sets of HD-V2 films were irradiated by a Linear accelera-
tor Varian Linac 3100 using 6 MeV, 9 MeV and 12 MeV electron
beams. The two sets were irradiated with the same Linac system
using 6 MV and 18 MV photons. The characteristic of the beam is
determined using ionization chamber. This allowed direct film cal-
ibration in terms of absolute dose within the dose range of interest.Fig. 1. Configuration of Gafchromic HD-V2 dosimetry film.Results and discussion
Optical measurements of Gafchromic HD-V2 films
Gafchromic HD-V2 film has an asymmetrical structure as illus-
trated in Fig. 1; and for the sake of consistency, all samples were
irradiated and read out from the active layer side. The films were
scanned using the Epson Expression 10000 XL scanner and ana-
lyzed using Image J software. For each image, the mean optical
density, the standard deviation between pixels and the coefficient
of variation were calculated. All optical density data were based on
red color scale images. The red color shows better sensitivity than
the green, blue and grey scale for the measured dose range. The
dose-response curve of HD-V2 film irradiated by 6 MeV, 9 MeV
and 12 MeV electron beam source are illustrated in Fig. 2. The
dose-response curve of HD-V2 film irradiated with 6 MV and
18 MV photon beam illustrated in Fig. 3 shows similar patterns
as the results obtained by the electron. It is clearly seen that the
optical density increases linearly with the absorbed dose. The
curve fitting was performed using a linear growth function, with
only two fitting parameters. The fitting parameters for the dose
response curves shown in Figs. 2 and 3 are tabulated in Table 1.
The results show almost no energy dependence for the energies
under investigation. Such independency on energy is due to the
lower atomic number of most Gafchromic dye films. Compared
with our previous study on EBT2 Gafchromic films [1], HD-V2 films
show relatively lower dose response compared with that obtained
by the EBT2 Gafchromic films. This behavior is mainly due to the
small thickness of the active layer, which makes the HD-V2 films
more suitable for high dose measurements.
Furthermore, the absorption spectra of the prepared HD-V2
Gafchromic films were measured using UV–vis spectrophotometer
(JASCO 670). As an example, Fig. 4(a) shows the absorption spectra
of unirradiated HD-V2 films and irradiated with 8 Gy using 6 and
12 MeV electron beam source in the range from 400 to 900 nm.
It is obviously seen that there is a dominant peak at 677 nm in
addition to a small peak at 618 nm. Moreover, a slight increase in
the absorption at these peaks is noticeable as the energy source
increases from 0 to 12 MeV, without any shifts in their positions.
A similar behavior was obtained when similar films were irradi-
ated with a photon beam source as shown in Fig. 4(b). This absorp-
tion enhancement may be due to the deformation in the polymer
structure such as chains aggregation. Similar results were achieved
by Siddhartha et al. [12].Fig. 2. Dose response of the HD-V2 films when irradiated by 6 MeV, 9 MeV and
12 MeV electron beam source.
Fig. 3. Dose response of the HD-V2 films when irradiated by 6 MV and 18 MV
photon beam.
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Fig. 4. The absorption spectra of: (a) unirradiated (as) HD-V2 films and irradiated
ones with 8 Gy by 6 and 12 MeV electron beam source and (b) unirradiated (as) HD-
V2 films and irradiated ones with 8 Gy by 6 and 18 MV photon beam source.
954 A. Aydarous et al. / Results in Physics 6 (2016) 952–956Thermal diffusivity measurements of Gafchromic HD-V2 films
The thermal diffusivity (a) is an important physical quantity to
be determined for such material and films since it is an intrinsic
property in the bulk regime. This quantity gives an indication of
the rate at which the heat is distributed in a material. The thermal
diffusivity depends on the thermal conductivity (k) and the rate at
which energy can be stored [13–16].
a ¼ k
qc
in m2=s ð1Þ
where q is the density and c is the specific heat capacity of the
sample.
Rosencwaig and Gersho (RG) theory of the PA effect [10] shows
that pressure variations depend on the relationship among three
parameters with dimensions of length: the sample thickness L,
the optical absorption length lB, and the thermal diffusion length
ls, which can be given by the following equation:
ls ¼
a
p  f
 1
2
ð2Þ
where f is the chopping frequency. The frequency at which a dis-
tinctive change in the slope in the ln(PA) versus ln(f) plots is called
the characteristic frequency (fc). It is the modulation frequency at
which the sample goes from the thermally thick (ls < L) region to
thermally thin (ls > L) region. Then a can be calculated from Refs.
[17,18]:
a ¼ f cL2 ð3Þ
The thermal diffusivity (a) of the irradiated Gafchromic HD-V2
films was investigated using PA technique. The PA signal amplitude
was recorded at various chopping frequencies (f) for each sample
(depth profile analysis). Fig. 5a–d shows a plot of ln (PA) signalTable 1
Fitting parameters for HD-V2 films’ data presented in Figs. 2 and 3.
OD = a⁄ (Dose) + b
Source of irradiation Energy
Electron beam 6 MeV
9 MeV
12 MeV
Photon beam 6 MV
18 MVamplitude versus ln(f) for Gafchromic HD-V2 films irradiated with
different doses (0, 2, 5 and 8 Gy) using 12 MeV electron beam
source. The plot of the deduced thermal diffusivity (a) of the unir-
radiated and irradiated Gafchromic HD-V2 films for different doses
from 12 MeV electron source is shown in Fig. 6. It is clearly seen
that a increases from 2.2  107 m2/s to 2.98  107 m2/s with
an enhancement of 35% as the dose increases from 0 to 8 Gy. This
change in the thermal diffusivity may be largely attributed to the
chain aggregation. As a result of this chain aggregation, the inten-
sity of the absorbed light is enhanced, leading to a growth of the
heat generated inside the film. Thus, the amount of heat flow
increases, and the thermal diffusivity of the active layer rises.
The result of the interaction can be noticed optically in a slight
color change and the absorption of the irradiated films as discussed
before. The electrons interaction with active layer of the irradiateda b R2
0.008 0.095 0.998
0.007 0.098 0.990
0.007 0.099 0.990
0.008 0.102 0.991
0.009 0.092 0.999
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Fig. 5. ln (PA) signal amplitude versus ln (f) for Gafchromic HD-V2 films irradiated with different doses (0, 2, 5 and 8 Gy corresponding to a, b, c, and d) using 12 MeV electron
beam source.
0 2 4 6 8 10
2.0
2.2
2.4
2.6
2.8
3.0
3.2
α
(x 
10
-
7  
m
2 /s
)
Doses (Gy)
 Under 12 MeV (Electron Source)
Fig. 6. The thermal diffusivity (a) of the irradiated Gafchromic HD-V2 films versus
doses from 12 MeV electrons source.
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Fig. 7. ln (PA) signal amplitude versus ln (f) for unirradiated HD-V2 film and for
films irradiated with 8 Gy using 6 MeV and 12 MeV electron sources.
Table 2
Thermal diffusivity (a) of unirradiated and irradiated
Gafchromic HD-V2 films with 6 MeV and 12 MeV energy
electron sources and at 8 Gy dose.
Electron source energy (MeV) a (107 m2/s)
Unirradiated 2.20
6 2.49
12 2.98
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network paths for rapid heat diffusion. As a result of this interac-
tion, the intensity of the absorbed light is enhanced as shown
above, leading to a growth of the heat generated inside the film.
Thus, because the amount of heat flow increases the thermal diffu-
sivity increases. Similar results were achieved in our previous
study [1]. We have studied the effect of 6 MV photon irradiation
on the thermophysical properties of EBT2 Gafchromic films. An
enhancement of 105% was achieved as the dose increases from 0
to 818 cGy.
Moreover, the effect of the radiation source energy on the ther-
mal diffusivity is also examined. Fig. 7 shows the plot of ln(PA) sig-nal amplitude versus ln(f) for: unirradiated, irradiated with 6 MeV
and 12 MeV electron sources of Gafchromic HD-V2 films. The
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Fig. 8. ln (PA) signal amplitude versus ln (f) for unirradiated HD-V2 film and for
films irradiated with 8 Gy using 6 MV and 18 MV photon sources.
Table 3
Thermal diffusivity (a) of unirradiated and irradiated
Gafchromic HD-V2 films with 6 MV and 18 MV photon
source and at 8 Gy dose.
Photon source energy (MV) a (107 m2/s)
Unirradiated 2.20
6 2.43
18 2.43
956 A. Aydarous et al. / Results in Physics 6 (2016) 952–956deduced thermal diffusivity (a) of unirradiated and irradiated
Gafchromic HD-V2 films with different electron energy sources
(6 MeV and 12 MeV) under 8 Gy doses is shown in Table 2. It is
obviously noticed that a increases as the energy of irradiation
source increases. This increase may be due to the powerful effect
of the larger source energy than the smaller one on the bonds of
the film active layer.
In addition, the thermal diffusivity of the irradiated Gafchromic
HD-V2 films under photons sources is investigated. Fig. 8 shows a
plot of ln (PA) signal amplitude versus ln(f) for unirradiated HD-V2
film and for films irradiated with 8 Gy using 6 MV and 18 MV pho-
ton source. The deduced thermal diffusivity is shown in Table 3. An
enhancement of 10% in a is achieved with respect to unirradiated
films as the photon energy source increases up to 18 MV and at
8 Gy dose.
It is clearly seen that at the same dose magnitude (8 Gy), the
thermal diffusivity of the irradiated films increases by approxi-
mately 12% and 26% as the energy of electrons source increases
from 0 to 6 MeV and from 0 to 12 MeV respectively. On the other
side, the thermal diffusivity of the irradiated films with photons
energies up to 18 MV increases with respect to that of the unirra-
diated film by only 10%. There were no distinguishable changes in
the thermal diffusivity for irradiated films with different energies
of the photons source from 6 MV to 18 MV. The interaction of pho-
tons and electrons with polymer material are very different. There-
fore, the chain aggregation and the formation of the double bonds
may vary between the interaction of photon and electrons radia-
tion with matter. This may lead to a different level of growth of
the heat generated inside the film between photon and electron
radiation. This partly could explain the small differences noticed
in thermal diffusivity between films exposed to photons and films
exposed to electrons. This work requires further investigationswhen electron and photon sources with variable energies become
available.
Conclusion
Gafchromic HD-V2 films have been irradiated with electron and
photon sources of different energies and different doses (0, 2, 5 and
8 Gy). The optical and thermal diffusivity (a) of the prepared films
have been investigated. The optical density increases linearly as
the dose increases up to 8 Gy from electron and photon beam
sources. There is a slight enhancement in the optical density and
the absorption spectra as the energy of electron and photon
sources increase. The thermal diffusivity of the films was deter-
mined by using a photoacoustic technique. An enhancement of
35% in a was achieved as the dose increased up to 8 Gy from elec-
trons source. This enhancement is attributed to the changes in the
structure of the active layer of the Gafchromic HD-V2 films, caus-
ing extreme dense network paths, leading to rapid heat diffusion.
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